Increased intraocular pressure (lOP) is recognised as the principal risk factor for the development of glaucomatous cupping of the optic disc. The hypothesis that it disrupts
While simple axonal compression is an appealing concept, other studies suggest a more complex relationship between cribrosal structure and axon loss. In experimental primate glaucoma, the block to axoplasmic transport occurs at the level of the scleral lamina where the cribrosal pores are smaller and have more interpore tissue, 15 an observation that would not account for the preferential nerve damage at the disc poles. Consideration of the pattern of progressive visual field loss in relation to changes in the optic nerve head also reveals some interesting anomalies. If greater rotation and distortion of the cribrosal beams at the periphery of the optic disc accounts for the periphery-to-centre progression of visual field loss in glaucoma it implies a precise vertical segregation of axons within the retinal nerve fibre layer based on eccentricity Y Rotation of the lamina cribrosa at the edge of the optic nerve head would cause greater damage to axons from peripheral retinal ganglion cells. Some studies report a precise vertical segregation of axons within the retinal nerve fibre layer based on the eccentricity of their cell of origin, 1 8 -2 0 but others have shown considerable rearrangement of axons within the optic nerve head (Fig. 2) 21 , 22 and retrobulbar optic nerve 23 (Fig. 3) . Evidence for a coarse vertical topographic segregation questions the basis for the centripetal progression of visual field defects that is In view of the variable relationship between lOP and optic disc damage, mechanical compression is unlikely to account for all cases of glaucomatous optic neuropathy. In normal tension glaucoma (NTG), although the degree of disc damage is related to lOP even at low levels, 24 , 25 it is clear that other factors play a role. Optic nerve head perfusion is likely to be the most important. Peripheral vasospasm, 2 6 migraine 2 7 and nocturnal reductions in systemic blood pressure 2 8 are more common in NTG patients and would be expected to have an adverse effect on the blood supply to the optic nerve head. Similar processes may occur in patients with high-pressure glaucoma, 2 9 possibly in conjunction with abnormalities in the optic nerve head At each level in the optic nerve head, astrocytes are organised to support axons in their passage from the eye to the optic nerve. In the prelaminar (choroidal) part of the lamina cribrosa, they form glial tubes through which axons pass as they turn through 900 to enter the scleral part of the cribrosa47--49 (Fig. 4) . They are also important in maintaining the structural elements of the optic nerve head.49,50 Astrocytes surround the cribrosal beams and produce the collagens and elastins that comprise the core of the laminar beams51 ,52 (Fig. 5) . They are ideally placed to integrate mechanical or ischaemic insults to the optic nerve that might initiate axon damage (Fig. 6 ).49
Astrocytes are subspecialised in this supportive role. of raised lOP or to ischaemic damage secondary to optic disc hypoperfusion. Increased lOP will cause the displacement of the lamina cribrosa and, since the astrocytes will be placed under mechanical shear stress, it is conceivable that this will stimulate altered collagen production by these cells. 3 6 These mechanical forces have been studied in other systems such as the heart and endothelium and have been shown to alter gene expression. 5 7 ,5 8 Similarly, hypoperfusion of the optic nerve head will compromise the astrocyte population resulting in physiological disruption5 9 and death.6o
The hypothesis that significant disturbances of astrocyte metabolism may predispose to axon loss and initiate changes in cribrosal structure predicts that the collapse of the cribrosal beams, rather than initiating axon loss, may be as much the result of astrocyte fallout (and the concomitant axon loss). Recent work supports this central role for astrocytes in glaucomatous optic neuropathy ?6 In the primate model of ocular hypertension, astrocytes round up and migrate from the core of the cribriform plates after only 4 weeks of raised IOP37 and express tenascin, an extracellular matrix molecule, as evidence of their activation. In human glaucoma, the organisation of astrocytes in the anterior part of the optic nerve shows marked disruption. The glial tubes of the choroidal lamina collapse accompanied by astrocyte activation and hypertrophy3 8 with increased expression of N-CAM and GFAP. In the laminar part of the nerve, astrocytes surrounding the cribrosal plates are reduced in size and appear to migrate into the nerve fibre layer bundles. 38 The synthetic profile of these cells is altered with increased production of collagen IV in the laminar and pre laminar regions and elastin in the laminar zone6 1 ,6 2 -changes which will contribute to the remodelling of the optic nerve head and lamina cribrosa so characteristic of glaucoma. Consistent with this, astrocytes in glaucomatous optic nerves produce high levels of TGFf),6 3 ,64 an important cytokine that would regulate the changes in cribrosal structure and may be important in generating the reactive astrocyte phenotype. 65 During the early stages of activation, astrocytes may act not only by a compromise in their supportive functions but also by a direct toxic effect on the retinal ganglion cell axons. Optic nerve head astrocytes contain nitric oxide synthase (NOS),66 the enzyme responsible for the production of nitric oxide (NO). Since NOS activity is upregulated in human and experimental glaucoma,66 excessive levels of NO will predispose to retinal ganglion cell death67 and exacerbate any disruption of gap junction-mediated intercellular communication in the astrocytes.6 8 Although there is, as yet, no evidence linking mechanical stress applied to astrocytes to alterations in NOS activity, there is strong evidence that this occurs in other systems such as vascular endothelium.6 9 Importantly, the reduction in NOS activity, either in culture7 0 or in a model of ocular hypertension/ 1 improves retinal ganglion cell survival.
One further implication of astrocyte dysfunction is that it should precede loss of retinal ganglion cell axons. In the rodent model of ocular hypertension, one of the earliest changes, which precedes any disruption of axoplasmic transport, is a reduction in connexin 43 labelling, one of the proteins involved in forming the gap junctions between astrocytes.7 2 The effect of this breakdown in intercellular communication is not entirely clear. It is possible that it limits neuronal damage, since in vitro studies have shown that gap junctions can facilitate cell death by transferring Ca2+ and oxidative stress to surrounding cells. 7 3 Alternatively, the process may be harmful to' surrounding neurons since uncoupling of gap junctions can increase necrotic cell death?4 The latter is more consistent with effects of disrupted gap junctions in neurodegenerative disorders such as Charcot Marie Tooth disease?5 The role of astrocytes in mediating Ca 2 + -related neuronal cell death has recently been reviewed? 6 Finally, ischaemic damage to the optic nerve head sufficient to result in the loss of astrocytes should result in cupping of the optic disc. This has been reported in compressive optic neuropathy, anterior ischaemic neuropathy and Leber's optic neuropathy, 77 -79 -though it has not been reported as a consistent feature by others. 8 o Further quantitative studies of optic nerve head topography in these conditions are required to resolve this issue.
This review provides a limited overview of some of the astrocyte-axon-cribrosa interactions that might be relevant to glaucomatous optic neuropathy. Some of the more important pathways are summarised in Fig. 7 to highlight those interactions that may be relevant, therapeutically, for the modulation of retinal ganglion cell death in glaucoma. The true picture is almost certainly more complicated and involves other cell types. Thus, activated microglia have been demonstrated in human glaucomatous optic nerve heads 8 1 and have been suggested to cause the degenerative changes such as peripapillary degeneration seen in glaucoma. Further work is required to elucidate the relative importance of these various pathways in the initiation of axon damage.
